Mutations in dystrophin lead to Duchenne muscular dystrophy, which is among the most common human genetic disorders. Dystrophin nucleates assembly of the dystrophin -glycoprotein complex (DGC), and a defective DGC disrupts an essential link between the intracellular cytoskeleton and the basal lamina, leading to progressive muscle wasting. In vitro studies have suggested that dystrophin phosphorylation may affect interactions with actin or syntrophin, yet whether this occurs in vivo or affects protein function remains unknown. Utilizing nanoflow liquid chromatography mass spectrometry, we identified 18 phosphorylated residues within endogenous dystrophin. Mutagenesis revealed that phosphorylation at S3059 enhances the dystrophin -dystroglycan interaction and 3D modeling utilizing the Rosetta software program provided a structural model for how phosphorylation enhances this interaction. These findings demonstrate that phosphorylation is a key mechanism regulating the interaction between dystrophin and the DGC and reveal that posttranslational modification of a single amino acid directly modulates the function of dystrophin.
INTRODUCTION
Dystrophin is one of the key proteins involved in the maintenance of skeletal muscle structure and for force transmission. It forms a sarcomeric glycoprotein complex termed the dystrophin-glycoprotein complex (DGC)-a multiprotein structure comprising dystrophin, dystroglycans, sarcoglycans, syntrophins, nNOS and dystrobrevins (1) (2) (3) . The DGC plays a critical role in linking the subsarcolemmal actin cytoskeleton to the extracellular matrix (ECM) and confers membrane protection during the transmission of contractile forces. The loss of dystrophin protein, which is responsible for Duchenne muscular dystrophy (DMD), results in destabilization of this link such that the DGC fails to assemble on the sarcolemma (4) . Individual myofibers are thus not able to properly transmit the forces of contraction to the ECM, and membrane instability leads to exhaustive cycles of degeneration and regeneration, an influx of inflammatory mediators with progressive muscle wasting, and extreme weakness contributed by the replacement of muscle tissue with fibrotic and adipose tissue (5) . * To whom correspondence should be addressed at: Department of Neurology, University of Washington, Seattle, WA 98195-7720, USA. Tel: +1 2066166645; Fax: +1 2066168272; Email: jsc5@uw.edu
The 427 kDa dystrophin protein comprises an N-terminal actin-binding domain, a central rod domain consisting of 24 spectrin-like repeats and 4 hinge regions, a cysteine-rich (CR) domain comprises a WW domain, two EF-hand like domains and a ZZ domain, and finally a C-terminal (CT) domain containing protein-binding sites for the syntrophins and dystrobrevins (6) . Through the generation of transgenic mdx mice, we have previously demonstrated that the CR and CT domains alone are sufficient to restore the DGC at the sarcolemma as demonstrated by the overexpression of Dp71 (7) . Subsequently, we showed that overexpression of the Dp116 isoform (which also comprises mostly the CR and CT domains) was not only sufficient to restore the DGC to the sarcolemma but also could maintain muscle mass and extend the lifespan of mdx/utrn 2/2 mice without altering the dystrophic phenotype (8) . These and related studies also showed that the CR domain is the only portion of dystrophin indispensible for functional activity (6, 8) .
Mutagenesis studies have revealed that the CR domain is essential for dystrophin function by forming a binding site for the transmembrane protein, b-dystroglycan (9) . However, analysis of patients with the milder Becker muscular dystrophy revealed large deletions within the rod domain still form highly (but not fully) functional proteins, indicating that parts of the dystrophin protein are not required for physiological function (10, 11) . In light of this finding, research turned to developing miniaturized dystrophin proteins for treating DMD. Deletion analysis revealed that microdystrophin constructs lacking either spectrin repeats 4 -23 and the CT domain (mDys DR4-R23/ DCT) or spectrin repeats 2 -21 and the CT domain (mDys DR2-R21/DCT) were highly functional and could reverse the dystrophic pathology when delivered muscles of mdx mice (12) . Subsequent systemic delivery of the mDys DR4-R23/ DCT using adeno-associated viral (AAV) vectors demonstrated that this truncated protein could protect the dystrophic muscles and prolong the lifespan of the severely affected mdx/utrn 2/2 mouse (13). However, while mDys DR4-R23/DCT protein significantly improved force generation and protection from contraction-induced injury of dystrophic muscles, these were not restored to control levels (13) . Therefore, research continues into improving the function of miniaturized dystrophin proteins with replacement of hinge 2 with hinge 3 in the mDys DR4-R23/ DCT protein, the inclusion of the nNOS-binding site, or the inclusion of helix-1 from the CT-domain (14) (15) (16) .
Phosphorylation is a key posttranslational mechanism that is well known to modulate protein stability and/or function. In vitro and in vivo studies have shown that dystrophin can be phosphorylated, particularly within the CT region (7) . Furthermore, other DGC members including the syntrophins, the a-dystrobrevins and b-dystroglycan have been shown to be phosphorylated in this complex (17) (18) (19) (20) (21) (22) (23) . In vitro studies have demonstrated that dystrophin can be phosphorylated by a large number of kinases including cAMP-dependent/cGMP-dependent protein kinase (DGC-PK), CaM kinase, casein kinase II, protein kinase C, p44 MAP kinase and p34 cdc2 protein kinase (22, (24) (25) (26) (27) (28) (29) (30) . However, little is known about whether these posttranslational modifications occur in vivo. Furthermore, although some evidence suggests phosphorylation within the dystrophin rod domain affects F-actin binding, and phosphorylation within the dystrophin CT domain inhibits syntrophin-binding in vitro (26, 31) , it remains unclear whether phosphorylation affects the functions of dystrophin and the assembly of the DGC within striated muscle.
Understanding the biological implications of dystrophin posttranslational modification may prove valuable for developing therapeutics to combat muscle wasting in DMD and in other muscle diseases where dystrophin protein levels have been observed to decline with disease progression, such as cancer cachexia (32) . We hypothesized that multiple amino acids within the dystrophin protein would be phosphorylated in the endogenous state in vivo and that this would modulate dystrophin protein function. Utilizing LC -MS/MS we identified 18 novel sites of phosphorylation within the endogenous dystrophin protein that occur in healthy and/or dystrophic skeletal muscle. Furthermore, we demonstrated that phosphorylation of a specific serine residue within the dystrophin WW domain increases the association between dystrophin and b-dystroglycan. Together, these findings reveal for the first time that posttranslational modification of a single amino acid can alter the function of the dystrophin protein. This discovery could advance novel therapeutics for muscular dystrophy and other muscle wasting conditions.
RESULTS
Dystrophin is phosphorylated on multiple serine, threonine and tyrosine residues in healthy and dystrophic skeletal muscle Although the dystrophin protein can be phosphorylated by different kinases when incubated in vitro, it remains unclear to what extent dystrophin is phosphorylated in vivo. To examine whether dystrophin is phosphorylated in its endogenous state we performed a series of mass spectrometric analyses to identify phosphorylated amino acids within the dystrophin protein isolated from skeletal muscles of either healthy C57BL/6 mice or from transgenic mice overexpressing the FLAG-tagged Dp116 transgene on a dystrophin/utrophin-deficient background. Dp116 is a naturally occurring short dystrophin isoform that is normally expressed in the peripheral nervous system. Overexpression of this isoform on the dystrophin/utrophin-deficient background can prolong the lifespan of affected mice without preventing the dystrophic muscle pathology (8, 33) . Analysis of the Dp116 protein from these mice therefore allows for an in-depth analysis of dystrophin phosphorylation in a shorter protein in diseased muscle.
Initial analyses from the muscles of C57Bl/6 mice revealed 26% sequence coverage of the full-length dystrophin protein (Dp427) and identified one phosphorylated amino acid in the CT region (S3483). By using multiple digestion enzymes (i.e. trypsin, chymotryspin and GluC), and utilizing both the fulllength dystrophin protein isolated from either C57BL/6 mouse muscle or differentiated C2C12 cells (an immortalized myogenic cell line), we could increase the overall sequence coverage to 63% (Fig. 1A) and identify a total of five phosphorylated amino acids (Fig. 1B) . These included two threonine residues (T1138 and T2649) in the rod domain and three serine residues (S3483, S3545 and S3616) in the CT domain (Fig. 1B) .
To increase protein sequence coverage, particularly near the CR and CT regions (which are the major sites of proteinprotein interactions); the short dystrophin isoform Dp116 isolated from transgenic mice overexpressing the FLAG-tagged Dp116 transgene on a dystrophin/utrophin-deficient background was also analyzed. Mass spectrometric analysis of Dp116 by chymotrypsin digestion resulted in 84% sequence coverage of the Dp116 protein ( Fig. 2A) and identified 16 phosphorylated amino acids within the CR and CT domains ( Fig. 2B ; S327, T342, Y620, T622, S690, S744, T809, S810, S813, S876, S882, S884 and S885). Furthermore, two of these phosphorylated amino acids (S813, analogous to S3545; and S884, analogous to S3616) were previously identified in the full-length dystrophin protein (Fig. 1B) . Comprehensive lists of all of the peptides identified from Dp427 (Supplementary Material, Table S1 ) or Dp116 (Supplementary Material, Table S2 ) demonstrated both phosphorylated and non-phosphorylated forms of most peptides identified with a phosphorylated residue. The peptides containing phosphorylated amino acids identified from either Dp427 or Dp116 are summarized in Table 1 . The consensus sequence and kinase responsible for these phosphorylation events were predicted based on previously published consensus sequences (34, 35) . Together, these results confirm that the dystrophin protein is subject to phosphorylation on multiple sites in healthy and dystrophic skeletal muscle.
Site-directed mutagenesis of identified amino acids reveals requirements for DGC binding Phosphorylation of amino acids within the dystrophin protein has been hypothesized to regulate interactions with other DGC members (7, 26, 31) . Therefore, the role of phosphorylation at seven sites was examined by introducing mutations to substitute in non-phosphorylatable amino acids (serine to alanine, threonine to valine and tyrosine to phenylalanine) within a Dp116 DNA construct. Four amino acids in the b-dystroglycan-binding domain region, including two amino acids within the WW domain (S327 and T342) and two amino acids downstream of Figure 1 . Mass spectrometric analysis of the dystrophin protein resulted in identification of multiple phosphorylation sites with good sequence coverage. (A) The domain structures of the full-length dystrophin protein (Dp427; top) and the location of the phosphorylated amino acids identified in Dp427 (bottom). Phosphorylated threonine (T) residues were identified in R7 and R21 of Dp427, and three phosphorylated serine (S) residues were identified in the CT. (B) Peptide identification by mass spectrometric analysis resulted in 63% sequence coverage, with the identified regions shaded in gray. ABD, actin-binding domain; NT, N-terminal; H, hinge region; R, spectrin repeat; WW, WW domain; EF, EF-like region; ZZ, ZZ domain; CR, cysteine-rich region, CT, C-terminal domain.
the ZZ domain (Y620 and T622), were investigated as this domain is a known site of protein-protein interaction (6) . Three amino acids in the CT domain (S751, S813 and S884) were also chosen as they were also identified in the full-length dystrophin protein.
Mass spectrometry analysis of the transfected wild-type (WT) Dp116 protein confirmed that phosphorylation of the transfected protein occurred in human embryonic kidney (HEK)-293 cells, thereby establishing that this system contains the appropriate kinases for phosphorylation of the WT construct (Supplementary Material, Table S3 ). Co-transfection of each of the Dp116 mutant constructs alongside a construct encoding a1-syntrophin into HEK-293 cells revealed no significant effect in the binding of a1-syntrophin to Dp116, despite S751 lying within the syntrophinbinding domain (Fig. 3A) .
Cotransfection of each of the Dp116 mutant constructs alongside a construct encoding a-dystrobrevin-2 into HEK-293 cells revealed a trend towards reduction in the binding of a-dystrobrevin-2 to Dp116 containing either S327A, T342V or Y620F mutations; however, this did not reach significance (Fig. 3B) . However, cotransfection of the Dp116 mutant constructs S327A, T342V, Y620F and T622V alongside a construct encoding b-dystroglycan into HEK-293 cells resulted in a decrease in Dp116 binding to b-dystroglycan, with a significant decrease observed for the T342V and Y620F constructs (Fig. 3C ). Phosphorylation at these sites therefore may be important for Dp116 binding to b-dystroglycan.
Phosphorylation at S327 modulates the dystrophin interaction with b-dystroglycan and a-dystrobrevin-2 in vitro
While deficits in protein -protein interactions in the nonphosphorylatable Dp116 mutants is indicative of a requirement for phosphorylation, the possibility exists that the observed changes in binding affinity may be due simply to the presence of a different amino acid at this site. To confirm that the changes in protein-protein interaction were due to the altered phosphorylation status, S327, T342, Y620 and T622 were mutated to the negatively charged amino acid, glutamate, to mimic the negative charge of the phosphate group. We added S327 and T622 for continued analysis even though there was no significant change in its association with b-dystroglycan due to their location in the dystroglycanbinding domain. To control for any change in amino acid structure as well as the lack of charge, Y620 was also mutated to alanine.
Cotransfection of the Dp116 mutants with a-dystrobrevin-2 into HEK-293 cells revealed that the presence of a negative charge at S327, T342, Y620 or T622 did not restore binding of a-dystrobrevin-2 to Dp116 to that of WT control Dp116 levels (Fig. 4A ). This suggests that the reduced interaction observed previously was likely an effect of the amino acid change and not the loss of a negative charge at these sites. However, mutation of S327 or T622, but not T342 or Y620, to glutamate completely restored the interaction between b-dystroglycan and Dp116 
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The phosphorylated reside is indicated in parentheses. The likely kinase consensus sequence and possible enzymes are predicted for each phosphorylation. , pAAV6:CMV-Dp116 S813A or pAAV6:CMV-Dp116 S884A in conjunction with pSport:CMV-V5-a1-syntrophin (A), pAAV2:CMV-GFP-a-dystrobrevin-2 (B) or pAAV2:CMV-V5-b-dystroglycan (C). Cells were lysed and the amount of co-transfected protein associating with the Dp116 protein was examined by immunoprecipitation and western immunoblotting. Representative immunoblots are shown. Bands were quantitated from three separate experiments and the amount of protein associated with Dp116 was graphed as a percentage of the control (pAAV6:CMV-Dp116 WT ).
* P , 0.05 compared with WT. (Fig. 4B) . Therefore, phosphorylation at S327 may be beneficial for binding of b-dystroglycan to Dp116 when coexpressed in HEK-293 cells.
Phosphorylation at S327 or T622 restores Dp116 expression and interaction with endogenous a1-syntrophin in murine C2C12 cells
To determine whether the differences in Dp116 construct function were true changes or simply an artifact of overexpression, we also overexpressed Dp116
WT , Dp116 S327A , Dp116 S327E , Dp116 T622V and Dp116 T622E in C2C12 cells to determine their ability to form the DGC with endogenous binding proteins. Neither Dp116 S327A nor Dp116 T622V bound a1-syntrophin but this interaction was restored when either site was mutated to glutamate (Fig. 5A) . However, in contrast to overexpression in HEK-293 cells, reprobing for the FLAG-tagged Dp116 constructs revealed little to no expression of the non-phosphorylatable mutant Dp116 constructs in the C2C12 system. This suggests that the lack of phosphorylation at S327 or T622 may render the Dp116 protein unstable, resulting in its rapid degradation in skeletal muscle cells in vitro.
Phosphorylation at S327 modulates the Dp116/ b-dystroglycan interaction in vivo
Cell culture studies demonstrated that phosphorylation of S327 may regulate binding of the dystrophin Dp116 isoform to b-dystroglycan (Figs 3-5) . To determine whether phosphorylation at these sites also regulates the Dp116/b-dystroglycan interaction , rAAV6:CMV-Dp116 S327E , rAAV6:CMV-Dp116 T622V and rAAV6:CMV-Dp116 T622E ) were injected into the tibialis anterior (TA) muscles of dystrophic mdx mice. In contrast to in vitro studies, no significant difference was observed for the binding of b-dystroglycan by any mutated construct in vivo (Fig. 5B) . However, immunoprecipitation of the Dp116 protein from each injected muscle confirmed that the presence of a negative charge at S327 (S327E) showed a trend towards increased binding to b-dystroglycan which was reduced in the absence of a negative charge (Fig. 5B) . Immunofluorescence demonstrated that b-dystroglycan was restored to the sarcolemma in all Dp116 transduced muscle fibers (Fig. 5C-H) .
3D Modeling predicts an increased affinity for dystrophin binding to b-dystroglycan when dystrophin S3059 is phosphorylated
The crystal structure of dystrophin bound to b-dystroglycan [PDB ID 1eg4; (36)] was modeled using the Rosetta3 macromolecular modeling suite (37) , where serine 3059 was modeled as a serine or as a phosphorylated serine (Fig. 6) . Following minimization of both structures, the Rosetta score was calculated in the peptide-bound and unbound states for each structure, resulting in the binding energy of the peptide to dystrophin in Rosetta energy units (REUs). The unphosphorylated complex gave a binding energy of 217.2 REUs, whereas the phosphorylated complex gave a binding energy of 219.5 REUs. The difference of 22.3 REU corresponds to an 1 kcal/mol gain in binding energy due to phosphorylation. The minimized model of the phosphorylated S3059 reveals that the phosphate can make a bidentate salt bridge to R7 of b-dystroglycan, proving a mechanism for how phosphorylation of S3059 increases the affinity of b-dystroglycan for dystrophin.
DISCUSSION
Increasing evidence demonstrates that posttranslational modification is essential for proper function of the DGC. The interaction between laminin and the dystroglycan complex is dependent on the glycosylation of a-dystroglycan (38-43). Furthermore, the correct expression and function of b-dystroglycan and dystrobrevin has been demonstrated recently to be dependent on phosphorylation (18, 20) . While several studies have previously examined the phosphorylation state of the dystrophin protein, all but one (7) have relied on in vitro systems with all the attendant caveats associated with such studies. In an attempt to identify a role for phosphorylation of specific amino acids in the dystrophin protein, we used mass spectrometry to study the phosphorylation of dystrophin isolated from its endogenous environment. Our findings revealed that both the full-length dystrophin protein (Dp427) and the Dp116 isoform are phosphorylated on multiple amino acids in skeletal muscle. Furthermore, phosphorylation at a specific site within the CR region modulated the interaction between dystrophin and b-dystroglycan. The identification of phosphorylation sites within the endogenous dystrophin protein in healthy skeletal muscle indicates that phosphorylation at these amino acids occurs as part of normal muscle function. While the large size of dystrophin prohibited an in depth analysis of the entire protein, peptides covering .50% of the 427 kDa protein were detected and identified five sites of phosphorylation. Phosphorylation in the Figure 6 . 3D modeling of the interaction between dystrophin and a b-dystroglycan peptide indicate an enhanced association in the presence of dystrophin S3059 phosphorylation. The interaction between dystrophin (green) and a b-dystroglycan peptide (cyan) as previously demonstrated by Huang et al. (36) was modeled in Rosetta. No constraints were made on the rotation of the phosphate group, it was allowed to rotate freely about all rotatable bonds and is modeled in the position having the lowest energy in Rosetta. This model indicates that the presence of a phosphate at S3059 (orange) on dystrophin creates a negative charge opposite R887 on b-dystroglycan that increases the binding affinity of the interaction between the two proteins. This interaction is shown in greater detail in the inset. dystrophin CT domain has been suggested to regulate binding to a1-syntrophin in vitro (22, 26) . In these studies, in vitro kinase assays using dystrophin fusion proteins showed that S3616 can be phosphorylated by CaM kinase, reducing association with a1-syntrophin (26). We observed phosphorylation at S3483, S3545 and S3616 in the CT domain of Dp427 in vivo, but mutagenesis of these sites did not reveal any significant changes in the ability of dystrophin to bind either a1-syntrophin or a-dystrobrevin-2 in vitro, despite the proximity of these sites to the known binding regions for a1-syntrophin and a-dystrobrevin-2 (44,45). It is possible that these conflicting results reflect a difference in binding requirements of the Dp116 isoform compared with the full-length 427 kDa dystrophin protein. However, the various syntrophin isoforms interact with the DGC by binding with both dystrophin and a-dystrobrevin (6). We previously showed that deleting the entire syntrophin-binding domain from dystrophin did not prevent the syntrophins from associating with the DGC in vivo, although the relative ratio of the different syntrophin isoforms was altered (46) . Thus, the presence or posttranslational modification of the syntrophin-binding domain may be important for modulating the affinity of specific isoforms of syntrophin rather than determining absolute binding.
The Dp116 dystrophin isoform is composed of the CR and CT domains of the dystrophin protein fused to a unique N-terminal domain and is specifically expressed by Schwann cells within the peripheral nervous system (33) . Overexpression of Dp116 preserves functional muscle mass and prolongs the lifespan of severely dystrophic mdx/utrn 2/2 mice without preventing the characteristic degeneration/regeneration cycles of dystrophic skeletal muscle (8) . Therefore, the phosphorylation sites observed in the Dp116 protein that were not observed in the Dp427 protein are potentially a consequence of the dystrophic pathology and may reflect changes in the stability and/or function of the dystrophin protein in diseased muscle. In total, we observed phosphorylation of 17 amino acids unique to the Dp116 protein. However, it is important to note that due to the low sequence coverage obtained for the full-length Dp427 protein, many of these sites may not be unique to Dp116. Continued mass spectrometric studies on the Dp427 protein may identify more of these sites.
Phosphorylation has been suggested to regulate the interaction between dystrophin and b-dystroglycan. Early in vitro investigations demonstrated that phosphorylation of tyrosine residues within and adjacent to the WW domain binding motif of b-dystroglycan disrupted its interaction with dystrophin (19) . More recently, in vivo studies have confirmed that b-dystroglycan is phosphorylated on Y890 upon disruption of its interaction with dystrophin, resulting in the subsequent degradation of b-dystroglycan (20) . Mutagenesis studies of the phosphorylation sites observed in the present study revealed that phosphorylation of dystrophin at S3059, at least in the context of Dp116 (S327), enhanced the interaction with b-dystroglycan. Crystallography studies have demonstrated that S3059, which is located in the WW domain of dystrophin, is in direct contact with b-dystroglycan (36) and therefore it is not surprising that phosphorylation might modulate this interaction. Based on the peptide sequence (ERAISPNKVPY), we predict S3059 to be a substrate for phosphorylation by Erk1, ERK2, CDK2 or CDK5; however, this remains to be determined (34, 35) . Determination of the kinase responsible for phosphorylation of S3059 in vivo would greatly enhance the ability to alter the activity of the dystrophin protein in skeletal muscle.
Coexpression of Dp116 constructs with either an alanine or glutamate at S327 with b-dystroglycan in HEK-293 cells indicated a lack of Dp116 association with b-dystroglycan in the absence of phosphorylation (S327A) that was restored upon constitutive phosphorylation at this site (S327E). However, viral overexpression of these two proteins in the muscles of mdx mice, while reflecting the in vitro result, demonstrated a more modest effect. This raises the question of whether the changes in b-dystroglycan binding with each mutation results from a physical change in the ability to bind b-dystroglycan, or as a result of increased Dp116 protein expression by the S327E mutant. While it is understood that dystrophin is a long-lived protein and the turnover rate is very low, the half-life of the dystrophin protein in healthy skeletal muscle remains to be precisely determined; however, studies utilizing transgenic mice or exon skipping have suggested the half-life of dystrophin to be 2 months (47, 48) .
The exact mechanism(s) underlying the increased association between Dp116 and b-dystroglycan in the S327E mutant has yet to be determined. However, in support of our data, 3D modeling based on crystallography input (PDB 1eg4) demonstrating the interaction between dystrophin and the b-dystroglycan peptide indicates that phosphorylation of S3059 would create a negative charge precisely opposite the positively charged arginine residue on b-dystroglycan, thereby increasing the affinity of the association between the two proteins. Therefore, we propose a model in which phosphorylation at S327 enhances the association between dystrophin and b-dystroglycan to stabilize the DGC at the sarcolemma. It is unclear whether this increased association has a beneficial or negative effect on the functional capacity of skeletal muscle, but we contend that an increased presence of stable DGC at the sarcolemma would result in increased membrane protection during contraction. Support for this theory comes from the accepted function of the sarcoglycan complex as a stabilizer of the DGC. In the absence of the sarcoglycan complex, associations between dystrophin and a-dystroglycan with b-dystroglycan are weakened, resulting in impaired DGC function at the sarcolemma (49 -52) . This weakness may also be contributed by interactions with dystrobrevin and the sarcoglycan subcomplex (53) . Indeed, in patients with sarcoglycan mutations resulting in limb girdle muscular dystrophy, which also express normal levels of dystrophin, a-dystrobrevin localization to the sarcolemma is dramatically reduced (54) . The biological implications of increasing DGC stability through the modulation of a single amino acid within the dystrophin protein are significant. In addition to allowing a better understanding of the mechanistic function of dystrophin within the DGC, this knowledge could inform the development of novel therapeutics for the muscular dystrophies.
In conclusion, the identification of novel phosphorylation sites within the dystrophin protein from skeletal muscles of healthy and dystrophic mice has provided new insights into the regulation of the dystrophin protein in its endogenous state. This is the first study to demonstrate that endogenous dystrophin is phosphorylated on specific amino acids in skeletal muscle. Furthermore, we have provided the first evidence that phosphorylation of an amino acid in the dystrophin WW domain (S3059) enhances the interaction between dystrophin and b-dystroglycan. Not only do these findings provide new information about dystrophin protein regulation, they also suggest approaches to advance therapeutic strategies for muscle wasting and weakness. With specific reference to DMD, current gene replacement therapies involve the delivery of truncated dystrophin proteins to dystrophic skeletal muscle. Studies have shown that the truncated dystrophin proteins are functional at the sarcolemma, but not to the extent of the full-length protein and therefore do not restore full functional capacity (12, 13, . Therefore, considerable effort has been invested in searching for microdystrophins with enhanced function (12,14,15,65,82) . We have shown that addition of a negative charge to a single amino acid within the b-dystroglycan-binding domain might stabilize dystrophin protein expression and/or increase the b-dystroglycan-binding affinity of truncated dystrophins. Therefore, the mutagenesis of amino acids may increase the therapeutic efficacy of mini-and microdystrophin gene replacement strategies for DMD.
MATERIALS AND METHODS

Animals
C57BL/6 mice were bred in the Department of Comparative Medicine at the University of Washington, Seattle, WA, USA. Mdx 4cv :Utrn 2/2 /Dp116 transgenic mice were generated as previously described (8) . C57BL/10ScSnmdx (mdx) mice were obtained from the Animal Resources Centre, WA, Australia. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Washington and the Animal Ethics Committee of The University of Melbourne and conducted in accordance with the Australian code of practice for the care and use of animals for scientific purposes as stipulated by the National Health and Medical Research Council (Australia).
Cell culture
HEK-293 cells (Invitrogen) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine on tissue culture plates at 378C + 5% CO 2 and subcultured upon reaching 60-70% confluency. The C2C12 myoblast cell line(ATCC) was maintained in DMEM/10% FBS/1% L-glutamine on tissue culture plates at 378C + 5% CO 2 and subcultured upon reaching 70% confluency. For experiments utilizing myotubes, C2C12 cells were seeded into 6-well tissue culture plates and grown to .90% confluency. At this point, cells were incubated in DMEM/ 2% horse serum (HS)/1% L-glutamine for 4 days at 378C + 5% CO 2 to induce differentiation during which time the media was changed every 48 h. Experiments were performed on Day 4 of differentiation at which point healthy myotubes were observed.
Antibodies
The following primary antibodies were used throughout the experiments in 5% skim milk powder/PBS/0.5% Tween-20: horseradish peroxidase (HRP)-conjugated Mouse-anti-M2 FLAG (Sigma-Aldrich; 1:10 000), HRP-conjugated mouse-anti-V5 (Sigma-Aldrich; 1:1000), rabbit-anti GFP (Santa Cruz Biotechnology; 1:1000), mouse-anti-b-dystroglycan (Novocastra Laboratories; 1:500), mouse-anti-a-dystrobrevin-2 (BD Transduction Laboratories; 1:500), rabbit-anti-a1-syntrophin (kind gift from Stan Froehner; 1:500) and goat-anti-a1-syntrophin (SigmaAldrich; 1:1000). HRP-conjugated donkey-anti-rabbit immunoglobulin (GE Healthcare Life Sciences) secondary antibody was used at 1:10 000 in 5% skim milk powder/PBS/0.5% Tween-20. HRP-conjugated donkey-anti-mouse immunoglobulin (GE Healthcare Life Sciences) secondary antibody was used at 1:10 000 in 5% skim milk powder/PBS/0.5% Tween-20. HRP-conjugated donkey-anti-goat immunoglobulin (SigmaAldrich) secondary antibody was used at 1:10 000 in 5% skim milk powder/PBS/0.5% Tween-20.
Cotransfection assays
For in vitro interaction analyses, pAAV-CMV-FLAG-Dp116 and the various mutant forms were co-transfected into HEK-293 cells alongside pAAV-CMV-V5-b-dystroglycan, pAAV-CMVa-dystrobrevin-2-GFP or pCMVsport6-V5-a1-syntrophin. 3.7 × 10 6 HEK-293 cells were seeded into 6-well tissue culture dishes and incubated overnight (O/N) at 378C + 5% CO 2 . Upon reaching 70% confluency, cells were transfected by calcium phosphate precipitation with 1 -2 mg DNA and incubated O/N at 378C + 5% CO 2 .
Endogenous pull-down assays C2C12 (2 × 10 5 ) cells were seeded in each well of a 6-well tissue culture plate in 2 ml growth media (DMEM/10% FCS/1% glut) and incubated overnight at 378C + 5% CO 2 to 75% confluency. Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol with a few modifications. Briefly, 4 mg DNA and 8 ml Lipofectamine 2000 reagent were each diluted in 0.25 ml OptiMEM (Invitrogen) and incubated at room temperature (RT) for 5 min. Diluted lipofectamine was then gently mixed with the DNA mixture by pipetting and the solution was incubated at RT for 20 min. Growth media was aspirated from C2C12 cells, and the cells rinsed with PBS, and media replaced with 0.5 ml OptiMEM. DNA : lipofectamine complexes were added to each plate, swirled to mix, and incubated at 378C + 5% CO 2 for 4 h. After 4 h, 1 ml growth media was added to each plate and plates were returned to the incubator overnight. The next morning, all media was aspirated from the plate and replaced with 2 ml of fresh growth media. Cells were incubated for 24 h at 378C + 5% CO 2 to recover and induced to differentiate in DMEM/2% HS/1% L-glutamine for 5 days, with media supplemented every 48 h.
Immunoprecipitation and immunoblotting
For in vitro Dp116 transfection analysis, cells were lysed in lysis buffer [1%, v/v, Triton X-100, 50 mM Tris -HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 10 mM NaF, complete protease inhibitor cocktail (Roche Applied Science)] and lysates were cleared by centrifugation at 13 000 rpm for 15 min at 48C. Cleared lysates were subject to immunoprecipitation with M2 agarose for 12 h at 48C. M2 beads were washed three times with high salt lysis buffer [1%, v/v, Triton X-100, 50 mM Tris -HCl, pH 7.5, 300 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 10 mM NaF, complete protease inhibitor cocktail (Roche Applied Science)] and immunocaptured proteins were eluted by incubation for 5 min at 958C. Proteins were separated by sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS -PAGE) under reducing conditions and electrophorectically transferred onto PVDF membranes. Membranes were blocked for 1 h in 10% (w/v) skim milk and incubated with primary antibody overnight at 48C. Antibody binding was visualized with peroxidase-conjugated immunoglobulin, and the enhanced chemiluminescence system (Millipore). To reprobe, membranes were stripped of antibodies with 0.1 M glycine, pH 2.9. To quantitate the western blots, the amount of interacting protein was expressed as an amount of the immunoprecipitated Dp116 protein. This was subsequently determined relative to the WT Dp116 construct.
Mass spectrometry
For mass spectrometric analyses, mouse hind-limb muscles (quadriceps, hamstrings, TA and gastrocnemius) were dissected and snap-frozen in liquid N 2 . Frozen muscles were pulverized in a liquid N 2 -cooled mortar and pestle and subsequently lysed by dounce homogenization in lysis buffer [1%, v/v, Triton X-100, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 50 mM NaF, 10 mM b-glycerophosphate and complete protease inhibitor cocktail (Roche Applied Science)]. Lysates were cleared by centrifugation at 13 000 rpm for 15 min at 48C. For the full-length dystrophin protein, cleared lysates were subject to immunoprecipitation with an antibody directed to the dystrophin protein C-terminus (83) at 48C overnight and immune complexes were captured the next day with Protein A Sepharose for 1 h at 48C. For immunoprecipitation of Dp116 from transgenic tissue, cleared lysates were incubated with M2 agarose (Sigma-Aldrich) overnight at 48C. All beads were washed three times with high salt lysis buffer [1%, v/v, Triton X-100, 50 mM Tris -HCl, pH 7.5, 300 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 50 mM NaF, 10 mM b-glycerophosphate and complete protease inhibitor cocktail (Roche)], and immunocaptured proteins were eluted by incubation for 5 min at 958C. Eluted proteins were separated by SDS -PAGE on a 5% TrisHCl gel and gel bands were visualized by staining with Imperial protein stain (Thermo scientific). Bands corresponding to the dystrophin protein (Dp427 or Dp116) were excised and subject to in-gel digestion with chymotrypsin (25 mg/ml in 0.01% glacial acetic acid) overnight in 50 mM ammonium bicarbonate.
Peptide digests were desalted and separated by nanoflow liquid chromatography using a Waters NanoAcquity UPLC and analyzed by electrospray ionization in the positive ion mode on a Thermo Scientific LTQ Orbitrap hybrid mass spectrometer. Peptides were loaded and washed using a 100 mm i. The electrospray voltage was applied via a liquid junction using a gold wire inserted into a micro-tee union (Upchurch Scientific) located in between the precolumn and analytical column. Instrument calibration and ion source conditions were optimized using a tuning solution composed of caffeine (Sigma), MRFA (Bachem) and Ultramark 1621 (Lancaster Synthesis). The heated capillary inlet was maintained at 2008C and injection waveforms for the LTQ linear ion trap and Orbitrap analyzers were kept on for all acquisitions. For the MS 'survey' scan, Orbitrap resolution was set to 60 000 (m/z 400) and ion populations were held at 5e 5 (2.0 s maximum fill time) through the use of automatic gain control. For MS-MS, precursor ions (minimum signal threshold, 1e 3 counts) were isolated and fragmented in the linear ion trap and the corresponding fragments transmitted to the Orbitrap for detection. For this, the ion population in the Orbitrap was set to 2e 5 (2.0 s maximum fill time), the LTQ precursor isolation width was set to 4.0 Da, the LTQ collision energy set to 40% (activation Q, 0.25; activation time, 30 ms), and the Orbitrap resolution set to 7500. All data were acquired in the profile mode using an MS 'survey' scan over the m/z 350-2000 range followed by MS-MS data-dependent selection of the five most abundant precursor ions contained in the spectrum. For the runs collecting data on doubly and triply charged precursor ions, singularly charged ions and ions with charge-states 4+ or greater were excluded from data-dependent selection using the charge-state exclusion feature. Data redundancy were minimized further by excluding previously selected precursor ions (20.1 Da/+1.1 Da) for 45 s (140 list maximum) following their selection for MS-MS. All data were acquired using Xcalibur 2.0.2 (Thermo). Raw data files containing tandem mass spectrometry data were converted into peak lists (.dta files) using the instrument vendor's software (extract_msn.exe; Thermo) and searched using SEQUEST (University of Washington). All phosphopeptide calls were further annotated manually for quality and site localization.
Viral vector preparation and in vivo analyses
Flag-tagged Dp116 was generated as described previously (8) . Site-directed mutagenesis was performed using the Stratagene Quikchange XL mutagenesis kit as per the manufacturer instructions. For non-phosphorylatable mutations, serine was mutated to alanine, threonine to valine and tyrosine to phenylalanine. For phosphomimetic mutations amino acids were mutated to the negatively charged amino acid, glutamate. All mutations were confirmed by DNA sequencing in the Department of Biochemistry at the University of Washington, Seattle, WA, USA. All vectors were prepared as described previously, using a twoplasmid co-transfection method into HEK-293 cells followed by heparin-affinity purification (84) . Vector titer was evaluated via qPCR using the following primers and probe: probe-6FAM-actcatcaatgtatcttatcatg-MGBNFQ; forward primer: ttttcactgcattctagttgtggtt; Reverse primer: catgctctagtcgaggtcgagat. rAAV6 (1 × 10 10 vg) or HBSS (control) was injected into the TA muscles of 12-week-old male mdx mice. Four weeks post-injection mice were killed and the TA muscles were dissected and either snap frozen in liquid nitrogen for biochemical analysis or embedded in OCT for histological analysis.
Immunofluorescence
Serial sections (5 mm) were cut transversely through the TA muscle using a refrigerated (2208C) cryostat (HM525 Cyrostat; Microm International GmbH, Germany). To detect the FLAGconjugated Dp116 protein, sections were stained with the FITC-conjugated M2 antibody (Sigma-Aldrich). To detect b-dystroglycan, sections were stained with the Novocastra mouse monoclonal b-dystroglycan antibody (Leica Biosystems) with an Alexa Fluor w 555 Goat anti Mouse IgG2a (g2a) secondary applied. All sections were counterstained with DAPI to visualize nuclei. Digital images were obtained using an upright microscope with camera (Axio Imager D1, Carl Zeiss, Wrek, Göttingen, Germany), controlled by AxioVision AC software (AxioVision AC Rel. 4.7.1, Carl Zeiss).
Statistical analyses
Data were analyzed with the GraphPad Prism software. Statistical significance was determined using a one-way ANOVA with a Dunnett's multiple comparison test to determine significance compared with the WT control. Values are presented as the mean + SEM.
